Abstract. The neutron-induced fission cross sections of 233 U, 234 U, 232 Th, 237 Np, 209 Bi, nat Pb have been measured on the nTOF facility at CERN, which allows an accurate energy measurement owing to the long path. Parallel plate avalanche counters were used to detect the 2 fission fragments in coincidence. This method allows an efficient discrimination of fission reactions among other types of reactions especially at high energies, and it is well suited for the very large energy range available at nTOF. The case of 234 U will be used as an example of the quality of the data obtained in these measurements.
INTRODUCTION
The development as well as the design of new nuclear reactors require a more precise knowledge of nuclear data than presently available. Among urgent needs are fission cross sections of actinides that had not been measured with high precision in the past, since they were of minor importance for the present nuclear reactors. The nTOF facility at CERN allows precise measurements due to its long flight path (185 m) and its high neutron flux delivered in a very short time, particularly interesting for the study of radioactive isotopes.
Fission cross sections are obtained by detecting the two fragments in coincidence with PPACs (parallel plate avalanche counters). Such coincident measurements are interesting in particular at high neutron energies because they allow to disentangle fission from other channels that start to open at neutron energies above a few MeV. As a matter of fact, our fission measurements have been realised from 1 eV till energies above 100 MeV.
Measurements have been performed first for isotopes that are of interest for the thorium cycle : 232 Th, 233 U, 234 U. In addition nat Pb and 209 Bi have also been measured as there are discrepancies between different experiments. Concerning minor actinides 237 Np has also been measured. All measurements are performed in reference to 235 U and 238 U permanently present in the stack of targets.
Subsequently we will focus on 234 U as a representative example of the quality of data that can be achieved.
EXPERIMENTAL SETUP
Usually fission fragments are detected in single mode in an ionisation chamber, and the recognition of fission is ensured by applying a threshold in the amplitude of signals. We chose instead to detect the 2 fragments in coincidence, considering that this method is more efficient to discriminate fission events from other types of reactions as the α radioactivity and especially the recoils of reactions occurring at energies above a few MeV, and the spallation reactions at a few tens of MeV. The main constraint induced is the need to use very thin backings for the target and very thin electrodes for the detectors so that they could be traversed by the fragments. We used PPACs because they are well suited and they can be designed with thin electrodes. In addition their good timing properties are valuable for coincidences and they can deliver a localisation measurement that is very useful to correct for spatial variations of the neutron flux and inhomogeneities of the targets. Figure 1 shows a part of the setup: the target is surrounded by 2 PPACs for the detection of back to back fragments. Each detector is made of 2 gaps with cathodes segmented in strips of 2 mm in width, allowing a localisation in 2 dimensions through a delay line readout. The active area is a square of 20 cm, whereas the target is a disk of 8 cm in diameter corresponding to the size of the neutron beam spot. From the localisation points on each detector the full trajectory of the event is reconstructed, assuming a back to back emission of the fragments. Although very thin materials were used for the target backing and for the PPAC electrodes (0.2 mg/cm 2 ), the amount of matter crossed by the backward fragment increases for tilted trajectories and the fragment can be stopped before reaching the detecting gap. This introduces a detection inefficiency through a limitation of the visible solid angle, however this limitation can be monitored as the emission angle is measured event by event. In particular the stability of the results should be checked against different cuts applied to the solid angle. Figure 2 shows the experimental set up made of a stack of 10 PPACs and 9 targets inserted between the detectors. In such a configuration it may happen that a given fission fragment could cross 2 or even 3 detectors introducing an ambiguity on the emitting target. Such ambiguities are removed with the time differences between detectors with a very high level of discrimination.
The total amount of matter seen by the neutrons is 6 mg/cm 2 of Mylar, 18 µm of aluminium, and 2.7 mg/cm 2 of actinides. One should add the entrance and exit windows, which for safety reasons are thicker, i.e., 125 µm kapton. This limited amount of material results in a very small number of scattered neutrons and generated background, and no self-shielding or flux corrections were needed.
TARGETS
The radioactive targets 233 U, 234 U, 235 U, 238 U, 232 Th, 237 Np were made by electrodeposition on 2 µm thick aluminium. The thickness of the deposited layer was within the range 0.2-0.3 mg/cm 2 and the diameter was 8 cm. In all cases we used highly pure isotopes especially, for 234 U, 238 U, 232 Th and 237 Np for which impurities of fissile isotopes were always negligible for the considered energy range.
The accurate knowledge of the thickness of the deposited layer and its inhomogeneities is of crucial importance for a reliable determination of the absolute cross sections. For all the radioactive targets we measured the total amount of nuclei by counting the α radioactivity at large distances ( 16 cm) with a collimated silicon detector, taking into account the presence of impurities by a selection in the energy spectrum of α particles. In the case of 235 U where an impurity of 234 U was present we complemented the measurement with a mass spectrometry analysis. In this way the total number of nuclei per target has been measured with an accuracy better than 1 %. For the most radioactive targets ( 233 U, 234 U, 235 U, 237 Np) we also mapped the inhomogeneities with a precision better than 3 %. Figure 3 illustrates the results for a 234 U target. One can see that the inhomogeneities can be of the order of 20 %. Moreover in the specific case of this target a local lack of material can be observed in a small area on the right edge of the disk, where the layer didn't stick to the backing. Figure 4 displays for the same target the mapping of the fission rate as resulting from the tracking reconstruction. One can see that the local defect clearly shows up with the same shape, demonstrating that this reconstruction works properly. In addition it can be noticed that the centroid is shifted upward respect to the α activity map. This pattern is systematic and have been observed for all the targets. It seems therefore that it comes from a shift of the beam spot originating from a misalignment of the setup respect to the collimator. Figure 5 shows the fission rate for 235 U in an energy interval limited to 8 eV-20 eV containing several resonances. In such a narrow interval the flux can be considered as approximately constant and therefore the rate is proportional to the cross section. On the diagram we plotted also the ENDF-BVI cross section renormalised to the data on the first resonance at 8.8 eV, which has also been used to determine the flight path length. The agreement is excellent and in the dips the fission rate are even lower than expected from the cross section, indicating a very low background. Small differences are however noticeable in the amplitude of some resonances.
RESULTS

Neutron Flux
The energy dependence of the neutron flux can be derived from the ratio of the fission rate to an evaluated cross section. For the latter we used the ENDF-BVI cross section up to 20 MeV, and for higher energies a JAERI evaluation [2] . The result is shown in Fig. 6 for the entire energy range of 1 eV to 1 GeV. The energy measurement incorporates a correction for the most probable moderation distance that has been derived from the simulations including the geometrical transport through the collimators. One can see that in the resonance region the fluctuations are small revealing a good reproduction of the shape of the resonances, whereas just beyond 1 keV the fluctuations result from the lack of description of the resonances in ENDF-BVI. As expected from the simulations the flux is approximately constant below 10 keV and peaks around 1 MeV. Its shape is smooth except some sharp dips due to absorption resonances in the entrance aluminium window and in the oxygen of the water moderator.
In order to get a flux non subject to fluctuations we fit it as:
where Φ 0´E µ is a smooth function made of splines and the exponential terms describe the absorption peaks with 2 free parameters: p Al and p O . The result of this fit is shown as the dotted curve in Fig. 6 and is used hereafter in the determination of the cross sections of the other targets.
FIGURE 7.
Left: resonances of 234 U between 540 eV and 600 eV as measured at Oak Ridge and Geel [3] . Right: same measurement at nTOF illustrating the better resolution achieved in this energy range. 234 U Figure 7 displays the resonances of 234 U in the 540 eV-600 eV interval as measured at Oak Ridge, Geel and nTOF. The left part of the figure has been taken from [3] , showing a significant improvement of the Geel measurement. The nTOF measurement (right part) appears to be even better in this energy range due to the long flight path, whereas the moderation distance fluctuation remains limited. Figure 8 shows the cross section obtained for 234 U up to 100 MeV. This result is only preliminary because some corrections have not been included, e.g., those for target inhomogeneities and for detector dead time due to HV breakdown. Therefore the absolute value of the cross section may still change. Furthermore some additional corrections could distort slightly the shape, i.e., anisotropies above the fission thresholds and the loss of efficiency of coincidences detection due to recoils at high energy. However one can see that the cross section follows the ENDF-BVI trend either in the resonance region and above 0.3 MeV. Some small resonances not present in ENDF-BVI stem from small amounts of impurities, i.e., 232 U and 235 U.
CONCLUSION
The detection in coincidence of fission fragments with PPACs allowed to measure the neutron-induced fission cross section of several actinides, with a high level of rejection of other types of reactions, giving an access to the wide energy range available at nTOF. Special care has been paid to the targets that have been well characterised to enable an accurate measurement of absolute cross sections. The example of 234 U shows that the energy resolution in the resonance region is improved with respect to other facilities and that a safe measurement of the cross section in the high energy domain becomes possible.
